Cardiac resynchronization therapy (CRT) may exert its beneficial haemodynamic effect by improving ventricular synchrony and improving atrioventricular (AV) timing. The aim of this study was to establish the relative importance of the mechanisms through which CRT improves cardiac function and explore the potential for additional improvements with improved ventricular resynchronization.
Introduction
Cardiac resynchronization therapy (CRT) is an established treatment for patients with heart failure and left bundle branch block (LBBB) or complete heart block (CHB). However, despite treatment, morbidity and mortality remain high. 1 The current assumption is that the predominant mechanism of action of CRT is ventricular resynchronization. However, improving LV filling (preload) by shortening effective atrioventricular (AV) delay to a more optimal value is also a potential mechanism through which CRT may improve function. 2 -5 Adjusting AV delay during CRT has previously been shown to have a powerful effect on acute haemodynamics. 3,6 -8 The relative importance of these two mechanisms has not been well characterized since differentiating the individual effect of each mechanism on measures of cardiac function is challenging. Currently, routine delivery of CRT is via the coronary sinus in conjunction with endocardial right ventricular (RV) and right atrial leads. While CRT delivered in this way to patients with LBBB is proved beneficial, it does not appear to fully reverse the underlying conduction impairment. 9 Therefore, an opportunity exists to improve the delivery of ventricular resynchronization therapy, and it remains unclear how much extra improvement in cardiac function could be expected with improved resynchronization. In this study, we aimed to answer the following questions: First, what is the contribution of shortening AV delay to the overall improvement in cardiac function obtained with CRT? Second, what magnitude of additional improvement in cardiac function would be expected if methods for improving the delivery of ventricular resynchronization could be achieved?
We address these mechanistic questions regarding the physiology of the acute beneficial effects of CRT using both computer simulations and clinical data. The computer simulations allowed us to address questions which are difficult to answer using clinical data alone.
We then tested the hypotheses generated using the computer model in patients using high-precision haemodynamic measurements. This verification of the simulation data with clinical data is important.
Methods

Computer simulations
The CircAdapt computational model of the human heart and circulation 10, 11 was used to quantify the magnitude of improvement in cardiac function available through AV delay optimization only (i.e. without changing ventricular activation pattern) and in combination with different degrees of left ventricular (LV) resynchronization. First, a failing heart with LBBB was simulated ( Figure 1A ), intrinsic AV delay was prolonged to 220 ms, and heart rate was set to 80 bpm. Haemodynamic measurements for all other simulations were compared with this reference simulation. Next, we simulated the degree of ventricular resynchronization obtained with current methods for delivering CRT ( Figure 1B) , resulting in a 25 ms shortening of total LV activation time. Finally, two further simulations of more successful ventricular resynchronization were performed, i.e. additional 25 and 50 ms reductions in LV activation time ( Figure 1C and D) .
For all four LV activation patterns, we progressively shortened AV delay from 220 to 20 ms (decrements of 10 ms) and plotted LV stroke volume (SV) and aortic systolic blood pressure (SBP) as functions of AV delay.
The CircAdapt model describes the physiological interactions between its modules representing myocardial walls, cardiac valves, large blood vessels, peripheral resistances, and the pericardium. 10, 12 Simulations of mechanical and haemodynamic interventricular(VV) and AV interactions under normal and pathophysiological circumstances have been validated in previous studies. 10, 13 We describe this model further in the supplemental data file (Supplementary material online, Appendix S1).
Study population
We recruited 87 consecutive patients with CRT devices, sinus rhythm, and LBBB or CHB, and a power calculation is provided online in Supplementary material online, Appendix S2. We adjusted AV delay at low and high heart rates. This was a sub-study of the British Randomised Controlled Trial of AV and VV Optimisation (BRAVO, NCT01258829 14 ). The BRAVO study was designed to compare echocardiography-guided optimization with haemodynamic optimization of AV and VV delays. All patients with a clinically indicated but previously implanted CRT device (EF , 35% at the time of implant) were included regardless of current LV function or the presence or absence of clinical response. 15 All patients gave written informed consent for the study, which was approved by the local Research Ethics Committee.
For this sub-study, only patients with underlying LBBB QRS morphology or CHB (and therefore 100% RV pacing) were included. Left bundle branch block was defined as QRS duration above 120 ms and typical 12-lead electrocardiography morphology. 16 
Haemodynamic measurements
Blood pressure (BP) was measured using a Finometer device (Finapres Medical System, The Netherlands) yielding a continuous arterial pressure waveform.
In order to obtain a reliable assessment, we used the following protocol. We compared each tested AV delay to a reference AV delay of 120 ms and calculated the relative change in SBP. This was calculated as the difference between the mean of 8 beats immediately before and after the transition to the tested AV delay from the reference AV delay. We repeated this measurement a minimum of six times for each tested AV delay and used this to calculate the mean relative change in SBP for each tested delay. 2 -4 Tested AV delays
What's new? † It has been assumed that ventricular resynchronization is the main mechanism through which cardiac resynchronization therapy improves cardiac function. † We found that improving LV preloading by shortening AV delay plays a key role in the way CRT improves cardiac function. This information may be useful when designing methods to improve patient selection for CRT implantation. † Current methods for delivering CRT do not fully reverse the impairment in ventricular activation, which occurs with left bundle branch block. The potential for extra improvement in cardiac function, with better ventricular resynchronization, has not previously been well characterized. † We found that, encouragingly, there appears to be substantial scope for obtaining additional improvements in cardiac function if novel forms of CRT that provide more efficient ventricular resynchronization can be developed.
were 40, 80, 140, 160, 200, 240, and 280 ms or up to an AV delay where ventricular pacing was withheld by the device. When possible, AAI mode pacing was also compared with the reference. The programmed AV delay yielding the greatest mean increase in BP was considered the optimum. The protocol was carried out at two heart rates during atrial pacing: low heart rate ( 5 bpm above resting heart rate) and high heart rate (mean 103 + 6 bpm). VV delay was kept constant throughout the measurements, and it was programmed to 0 ms or as close to this as the device would allow.
Assessment of conduction pattern and atrioventricular node decrementation
The ventricular activation pattern was assessed using the morphology of the surface electrocardiogram (ECG), which was collected at each programmed AV delay at each heart rate. We classified ventricular activation as follows: † Pure intrinsic conduction: Ventricular activation results from ventricular activation only. This was assessed during AAI pacing mode. † CRT pacing with complete ventricular capture: Ventricular activation occurs only as a result of the biventricular ventricular pacing stimuli. This was assessed while pacing with an AV delay of 40 ms. † Ventricular fusion: Ventricular activation results from a combination of CRT pacing and intrinsic conduction. QRS morphology differs from that obtained during CRT pacing with complete ventricular capture and pure intrinsic conduction.
We calculated QRS duration using measurements from three separate QRS complexes obtained at each tested AV delay. Measurements were made using digitally stored electrograms with screen callipers at a paper speed of 100 ms. We measured from the rapid deflection of the QRS in order to avoid including the isoelectric period following the pacing spike in the QRS measurement. AV node decrementation was considered to be present if ventricular fusion occurred at a longer programmed AV delay at high heart rate compared with low heart rate.
Patient categorization
We divided our study population according to pre-specified criteria based on the presence or absence of ventricular fusion and the conduction pattern offering the best haemodynamic response.
We subdivided patients who showed fused conduction according to whether the highest haemodynamic response occurred with or without fusion at low heart rate. We subdivided the group where the highest haemodynamic response occurred with fusion according to whether decrementation of intrinsic AV node conduction was present or absent. Therefore, the following four subgroups were obtained:
(1) 'No fusion', CHB or very long intrinsic PR interval. Therefore, optimal AV delay occurred with biventricular pacing (BVP) at both rates. This group served as the control to assess the effect of increasing atrial pacing on optimal AV delay timing when ventricular fusion is not present. (2) 'Optimum , fusion', the AV delay with the highest haemodynamic response occurred at an AV delay without fusion at the low heart rate. (3) 'Fused optimum, without AV node decrementation', the highest haemodynamic response occurred with fusion at low heart rate, and increasing heart rate did not delay onset of fusion. (4) 'Fused optimum with decrementation', the highest haemodynamic response occurred with fusion at low heart rate and increasing heart rate delayed the onset of fusion (which occurred at a longer AV delay compared with the low heart rate).
Statistical analysis
Data are presented as mean + standard deviation (SD) or mean difference + SD of difference. Data were examined for normality prior to further statistical analysis. Statistical comparisons of continuous data were made using repeated measures one-way analysis of variance (ANOVA) for within-or between-individual comparisons of more than two groups as appropriate. Between-group testing was performed if ANOVA was significant, paired t-tests for within-individual comparisons, and unpaired t-test for between-group comparisons. Comparisons of categorical data were made using a x 2 test.
Results
Computer simulations
Relative contribution of atrioventricular delay optimization and ventricular resynchronization We adjusted AV delay in the CircAdapt model without changing the baseline LBBB-related dyssynchrony of ventricular activation. The effect on SV and BP depended on the starting AV delay (Figure 2 ). For example, using a PR interval of 201 ms (the average in our study population), AV delay optimization generated a 6 mmHg increase in SBP without changing the ventricular activation pattern. During simulated CRT pacing (a 25 ms reduction in LV activation time compared with LBBB), we observed a further 2.7 mmHg increase in SBP on top of that obtained with AV delay optimization only. Therefore, for this example simulation with an intrinsic PR interval of 201 ms, AV delay optimization accounted for 69% of the overall available improvement in cardiac function (6/(6 + 2.7) × 100). With an intrinsic PR interval of 201 ms, these increases in SBP represent 30% ((2.6/8.7) × 100) and 53% ((4.6/8.7) × 100), respectively, of the total improvement observed with CRT using current methods for delivery and optimal AV delay.
Potential for further improvements in cardiac function with improved delivery of ventricular resynchronization
Clinical data
The characteristics of the 87 patients, recruited from 18 different centres within the UK, are shown in Table 1 .
Effect of heart rate on atrioventricular delay determined as optimal Patients were categorized according to the pre-specified criteria described above (Figure 3) . Mean difference between the AV delay optima determined at the low-and the high-paced heart rate was calculated for each group and compared between four groups (P ¼ 0.09). Post hoc analysis revealed a significantly greater difference in Group 4 (D-30 + 45 ms) vs. all other groups (D-9 + 39 ms, P ¼ 0.05). Diagrammatic representation of the difference between low and high heart rate optima is presented in the supplemental data (Supplementary material online, Figure S1 ).
The difference in AV delay determined as optimal between low and high heart rates is as follows for the four groups of patients. was found between the AV delay determined as optimal at the low and the high rates (D-9 + 48 ms, P ¼ 0.32). Group 2. 'Optimum , fusion', comprising 24 patients in whom fusion only occurred at AV delays longer than the haemodynamic optimum. Despite the option to improve ventricular synchrony (with ventricular fusion), the AV delay producing the highest haemodynamic response occurred with BVP with complete ventricular capture, and there was no significant change in AV delay identified as optimal at the high heart rate (D-4 + 28 ms, P ¼ 0.46). This group comprises 40% of the population where fusion was available. The AV delay at which fusion first occurred was significantly longer in Group 2, mean 231 + 45 ms compared with Group 3 (mean 200 + 33 ms) and Group 4 (203 + 46 ms), P ¼ 0.02. Group 3. 'Fused optimum, without AV node decrementation', comprising 10 patients in whom the onset of fusion was not delayed by pacing at the higher heart rate. The optimal AV delay did not significantly differ between low and higher rate pacing (D-20 + 34 ms, P ¼ 0.096). Group 4. 'Fused optimum with decrementation', comprising 26 patients in whom the low-rate optimum occurred during fusion and the higher heart rate delayed fusion by decrementing AV conduction. There was a significant shortening of the AV delay identified as optimal at the high heart rate (D-30 + 45 ms, P ¼ 0.002). Further analysis of this group showed that in the majority of patients (77%), the optimal AV delay switched from occurring in the fusion zone at low rate to CRT pacing with complete ventricular capture at the high rate, and this was significant by x 2 test (P ¼ 0.009).
Ventricular resynchronization with current methods for delivering cardiac resynchronization therapy
We quantified electrical ventricular resynchronization, in all patients who demonstrated fusion (regardless of group), by comparing QRS duration in three states (mean QRS + SD): (a) intrinsic conduction (176 + 25 ms), (b) CRT pacing with complete ventricular capture (164 + 29 ms), and (c) BVP with fusion (137 + 26 ms, P , 0.001). These values were compared with previously published mean QRS duration from healthy subjects 17 ( Figure 4 ). There was a significant difference in QRS duration between the three conduction states (three-way ANOVA, P , 0.001), and post hoc analysis showed that QRS duration was significantly narrower during fusion compared with CRT pacing with complete ventricular capture (D-27 + 23 ms, P , 0.001) and significantly narrower with BVP than intrinsic conduction (D-12 + 35 ms, P ¼ 0.009). QRS duration and intrinsic PR interval are provided for each group in the supplemental data (see Supplementary material online, Table S1 ). Example haemodynamic data from each group are shown in Figure 5 .
Assessment of haemodynamic impact of ventricular fusion
Group 4 allowed us to examine the association between fusion and acute haemodynamics since at low heart rate, the highest haemodynamic response occurred with fusion, but at high heart rate, the onset of fusion was delayed. Loss of fusion was associated with a mean decline in SBP, this is to say; mean relative SBP at the low heart rate optimal AV delay (fusion) minus the mean relative SBP at the same AV delay at high heart rate (without fusion) is D-2.5 mmHg, Patients enrolled for AVD optimization at low and high heart rates n = 87 >90% BVP paced, sinus rhythm No fusion n = 27 CHB or very long intrinsic PR interval Optimum < fusion n = 24 at low rate, optimum occurs at a shorter AVD than fusion Fused optimum and AV node decrementation present n = 26
Fused optimum and AV node decrementation absent n = 10 Figure 3 Categorization of patients. Patients were grouped according to their optimal AV delay determined by haemodynamic optimization at low and high heart rates and by the presence or absence of AV node decrementation. BVP and CHB.
SDD 4.03, P ¼ 0.004. We can say that, at a constant AV delay, fusion improved SBP by 2.5 mmHg and, in this group of patients, the haemodynamic improvement corresponded to a 22 + 25 ms reduction in QRS duration.
Discussion
Our findings from computer simulations and clinical data provide complementary evidence to suggest that, first, improving LV preloading by AV delay shortening is a fundamental mechanism through which CRT delivers its beneficial effect. Second, delivery of more efficient ventricular resynchronization has the potential to produce important additional improvements in cardiac function. The simulations suggest that a 50 ms reduction in LV activation time would deliver an effect size equivalent to 53% of the total improvement observed with current methods for delivering CRT. The clinical data confirm that CRT currently does not produce complete electrical ventricular resynchronization and supports evidence from the simulations by showing that further reductions in QRS duration, produced by ventricular fusion, positively influence acute haemodynamic function.
Improving atrioventricular timing is a critical component of the mechanism through which CRT delivers its beneficial effect
The results of the computational simulations suggest that AV delay optimization is fundamental to the mechanism through which CRT delivers its beneficial effect. The computational model of the human heart and circulation allowed us to independently quantify the effects of AV delay optimization and ventricular resynchronization.
Both AV shortening and ventricular resynchronization had clear beneficial effects on acute haemodynamic function. The simulations demonstrated that the relative importance of the mechanisms of benefit is dependent on the baseline PR interval and the magnitude of the reduction in LV activation time with CRT. While these factors are patient specific, the results of the simulations suggest that improving LV preload through AV shortening is a key mechanism through which CRT currently improves cardiac function, when it is delivered to patients in sinus rhythm. Other factors such as interatrial conduction time may also affect the balance between the two mechanisms of benefit.
The findings from the clinical data support the findings from the computer simulations. In 40% of patients with ventricular fusion, and therefore with the potential to obtain improved ventricular resynchronization compared with complete ventricular capture, the highest haemodynamic response occurred at an AV delay with complete ventricular capture. If delivering improved ventricular electrical resynchronization was the sole mechanism through which CRT delivered its beneficial effect, then one would expect the optimal AV delay to always occur with fusion since this appears to deliver the most efficient ventricular activation. In this group of patients (Group 2), it appears the beneficial effects of fusion with respect to electrical ventricular resynchronization were outweighed by the negative impact on LV preload resulting from a suboptimal AV delay. In this group, fusion occurred at longer AV delays compared with the groups (3 and 4) where fusion resulted in the highest haemodynamic response (Supplementary material online, Table S1 ). Furthermore, in the group where there was a delayed onset of fusion with higher rate pacing (Group 4), the optimal AV delay shortened, rather than lengthened as would be expected if ventricular resynchronization was the only mechanism through which CRT delivers its beneficial effect.
The finding that shortening AV delay is an important mechanism through which CRT delivers its beneficial effect is supported by the findings of a sub-analysis of the COMPANION study, where patients with a longer PR interval were shown to obtain a greater relative risk reduction. 18 Previous trials, reporting clinical outcomes, have suggested that AV optimization using electrical algorithms or echocardiographic methods, do not influence CRT outcome. 19 In these studies, AV delay was shortened relative to sinus rhythm, in all patients including those in the control group where a nominal AV delay was programmed. Therefore, these studies were not designed to assess whether improving AV timing compared with sinus rhythm contributes to the overall mechanism through which CRT produces its beneficial effects.
Potential for additional improvements in cardiac function with improved ventricular resynchronization
CRT pacing with complete ventricular capture produced only modest reductions in QRS duration ( Figure 4) implying that CRT has only modest effects on ventricular electrical synchrony. Our findings are consistent with studies that have assessed the effect of CRT using ventricular activation mapping 20, 21 and large clinical trials reporting changes in QRS duration. QRS duration is shown during intrinsic conduction (no CRT), with CRT, and with CRT pacing allowing fusion of paced and intrinsic conduction, and previously published data for QRS duration from healthy subjects are shown for normal conduction. 17 The computer simulation data suggested that improvements in cardiac function could be obtained if methods for delivering more efficient ventricular resynchronization can be developed. Encouragingly, the findings from the simulations were supported by the clinical data. Ventricular fusion appeared to deliver more efficient ventricular activation; the QRS duration during fusion was significantly shorter. We observed a 2.5 mmHg improvement in BP in the presence of fusion compared with when fusion was not present, at the same AV delay in the same patient. The corresponding reduction in QRS duration with this BP improvement was 22 ms. This change in SBP was similar to the magnitude of change observed with the simulations (2.7 mmHg for a 25 ms reduction in LV activation time). Our finding of a reduction in QRS duration and improvement in acute haemodynamic function during fusion is consistent with the findings of other investigators. 23 However, even with fusion, ventricular electrical activation appears to be far from normal, with mean QRS duration considerably longer than reports from healthy subjects (93 + 10 ms) 17 ( Figure 4) suggesting scope for even greater improvements in cardiac function.
Clinical application of these findings
These findings are relevant to clinical practice for the following reasons. Firstly, understanding the true ratio of the mechanisms of CRT benefit may allow better characterization of the patient population Figure 5 Example haemodynamic optimization data from an individual patient in each group. Low (Turquoise) and high (red) heart rates for each tested AV delay are shown. Each point represents the mean of 6 -10 measurements, and the vertical bar represents the SD. Periods of complete capture, fusion, and native activation are shown, and AV delays that resulted in fusion are displayed as points filled with colour. QRS duration at each tested AV delay is plotted for low and high heart rates below the optimization curves. Abbreviations: heart rate (HR), change in SBP relative to value at AV delay 120 ms (DSBP).
most likely to obtain benefit. Given that improving AV timing appears to be the dominant mechanism of benefit under most circumstances, better characterizing AV mistiming in addition to electrical measures of ventricular dyssynchrony may improve patient selection. Secondly, the finding that there is considerable scope for delivering improved ventricular resynchronization should stimulate the scientific community to develop methods for improving the way therapy is delivered.
Suitability of systolic blood pressure as marker of acute cardiac function We chose SBP as our marker of acute cardiac function for the following reasons: † It is an extra cardiac measure and therefore represents the net effect on cardiac function occurring as a result of the changes in pacemaker settings. † Multiple repeated measurements can be made in order to minimize the effect of noise, which is present in all measures of cardiac function. This allows reproducible results to be obtained. 24 † Changes in BP reflect changes in other markers of cardiac function such as LV dp/dt max and aortic flow. 25 In patients with heart failure, it is known that higher BP is associated with better outcomes. 26 Cardiac resynchronization therapy when delivered to patients with LBBB is associated with acute improvements in SBP. 7 Sustained improvements in SBP were observed in the randomized studies assessing longer-term outcomes with CRT. For example in the Care-HF study, a 6.3 mmHg increase in SBP was observed in the treatment arm 18 months follow-up. 1 
Limitations
This study did not assess clinical endpoints; it was designed to make high-resolution comparisons between AV delay settings at two different paced heart rates in a manner that explored physiological mechanisms. Testing for an effect on clinical endpoints would require a large randomized trial. Such a trial would be justified once candidate methods of delivering better ventricular resynchronization have been tested in studies that could be acute but must be bias resistant. 27 We used the well-established CircAdapt 10,11 computational system to address mechanistic questions that could not be directly addressed in humans. All such computations should be interpreted with caution. However, for the questions which could be answered clinically as well as computationally, the results from both approaches were concordant. The patients recruited into the clinical part of the study all had their CRT devices implanted prior to inclusion in the study. It is likely that they will have already experienced remodelling following device implantation; it is possible that this could have affected the results of the study.
It is possible that LV lead position could influence the optimal AV delay, and we did not aim to address this question in the present study. Lead positions were kept constant in individual patients throughout the study.
The AV delay providing the highest haemodynamic response is patient specific. It is likely that this is dependent on many factors which we did not aim to investigate in the present study. In order to keep these factors constant, we calculated relative change in optimal AV delay in individual patients, thereby keeping lead position and cardiac substrate constant when investigating the effect of changing heart rate and the presence or absence of fusion.
Conclusions
Current methods for delivering CRT result in modest reductions in QRS duration, suggesting incomplete reversal of electrical dyssynchrony. With current methods for delivering CRT, improving LV preloading by AV delay shortening appears to be an important mechanism through which therapy improves cardiac function. Our computational calculations and clinical data suggest substantial further scope for delivering improvements in cardiac function if novel forms of CRT could be developed to provide more efficient ventricular resynchronization.
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Supplementary material is available at Europace online.
